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Highly excited Rydberg states of excitons in Cu2O semiconductors provide a promising approach to explore
and control strong particle interactions in a solid-state environment. A major obstacle has been the substan-
tial absorption background that stems from exciton-phonon coupling and lies under the Rydberg excitation
spectrum, weakening the effects of exciton interactions. Here, we demonstrate that two-photon excitation of
Rydberg excitons under conditions of electromagnetically induced transparency (EIT) can be used to control
this background. Based on a microscopic theory that describes the known single-photon absorption spectrum,
we analyze the conditions under which two-photon EIT permits separating the optical Rydberg excitation from
the phonon-induced absorption background, and even suppressing it entirely. Our findings thereby pave the way
for the exploitation of Rydberg blockade with Cu2O excitons in nonlinear optics and other applications.
The ability to control and manipulate highly excited Ryd-
berg states of atoms has led to numerous breakthroughs, from
simulating quantum magnetism [1–8] and performing quan-
tum gates [9–11], to quantum and nonlinear optics [12–21].
In 2014, it was demonstrated that semiconductor excitons
in bulk Cu2O crystals can also be excited to Rydberg states
which can be as large as their atomic counterparts [22]. Their
size equips them with remarkable properties in magnetic [23–
29] and electric [30, 31] fields, makes them very suscepti-
ble to free charges [32–35], suggests lasing applications [36]
and permits integration into semiconductor microstructures
[37, 38]. Importantly, the resulting long-range interactions
of such large excitons [39], combined with the characteristic
hydrogen-like scaling of the energy levels and lifetimes [40],
can give rise to a strong suppression of Rydberg excitation,
high optical nonlinearities [41, 42] and topological states [43].
A key prerequisite for exploiting such interaction effects in fu-
ture experiments and potential applications is the availability
of isolated Rydberg excitation lines. While this is excellently
satisfied in atomic systems, the observed excitonic Rydberg
series in Cu2O rests on a broad background that accounts
for more than 50% of the optical density on some Rydberg-
state resonance. Stemming from the simultaneous excitation
of an optical phonon and a deeply bound exciton [44, 45], this
background represents an additional excitation channel that
inevitably competes with the Rydberg-exciton series. Since
such a competition naturally weakens many effects of excited-
state interactions, controlling the phonon-induced absorption
background and resonant Rydberg-state excitation remains an
important challenge.
In this work, we demonstrate that this can be achieved via
electromagnetically induced transparency (EIT) [46] involv-
ing excited exciton states. Two-photon excitation of long-
lived excitons in s-states via a low-lying p-state [47, 48] [see
Fig. 1(a)], hereby leads to interference of the two excitation
pathways that can be used to eliminate the population of the
strongly coupled and rapidly decaying intermediate state [49].
Here, we show that this effect cannot only be employed to
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FIG. 1. EIT in Cu2O. (a) A weak probe laser with a frequency ωp
generates p-state excitons of the yellow series. The simultaneous
coupling to a continuum of phonon-dressed exciton states gives rise
to the typical absorption spectrum of Cu2O below the band gap en-
ergy Egap of the yellow series, as shown in (b). As further illustrated
in panel (a), an additional control laser field with a frequency ωc cou-
ples the generated excitons to an excited s-state of the yellow series
to establish conditions of electromagnetically induced transparency.
As shown in panel (c), this makes it possible to control the spectro-
scopic properties of the material and leads to a series of narrow ab-
sorption dips at a given s-state resonance with a greatly suppressed
absorption background at each minimum.
achieve narrow Rydberg-exciton lines but also allows to con-
trol and even reduce the broad phonon background that would
otherwise supplement the exciton spectrum [see Fig. 1(b,c)].
Depending on the material parameters, we identify three dis-
tinct regimes in which either the discrete exciton lines or
the broad phonon background are suppressed individually,
or where both vanish simultaneously to yield transparency
on two-photon resonance. The results of this work, thereby,
suggest novel experimental probes of optical processes and
phonon effects in semiconductors, and open the door to non-
linear optics and explorations of many-body phenomena with
interacting Rydberg excitons.
Most spectroscopic studies of Cu2O are based on the exci-
tation of p-state excitons of the so-called yellow series, with
wavelengths of ∼ 590 nm [50–54]. Around each resonance,
the light field couples to a p-state exciton that can be de-
scribed by a bosonic field operator Xˆp, and is excited with
a linewidth Γp, a coupling strength gp and a frequency detun-
ing ~δp = Ep − ~ωp, defined by the exciton energy Ep and
laser frequency ωp. However, early measurements of the se-
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FIG. 2. The incident probe laser with electric field amplitude E ex-
cites p-state excitons with an optical coupling strength gp and de-
tuning δp. Simultaneously, the field couples to the continuum of
phonon-dressed 1s-excitons with coupling strength g. The dressed
states start to appear at an energy ~ω
Γ−3
above the 1s-state. The
combination of the p-state excitation and the phonon-dressed exci-
tons generate the broad absorption spectrum sketched on the right
[cf. Fig. 1(b)]. As we show in this work, this typical absorption can
be controlled by a second light field that couples both types of ex-
citons to an s-state with coupling strengths Ωs and Ω, respectively,
and a two-photon detuning δs.
ries [22] have established the presence of a broad absorption
background that starts above the energyE0 of the 1s-ortho ex-
citon and extends all the way across the band edge [Fig. 1(b)].
In the underlying absorption process, a photon virtually ex-
cites an intermediate state, which subsequently decays into an
optical phonon and a 1s-ortho exciton [44]. This indirect exci-
tation process is necessary since neither the generation of the
phonon nor the excitation of the 1s exciton is dipole-allowed.
The dominantly involved states have recently been identified
as the s-state excitons from the blue series and the optical
phonons from the Γ−3 -branch [45]. The underlying exciton-
phonon scattering process can well be described by a Fröhlich
interaction term
HˆF =
∑
µ
∫
d3q d3q′ hµ(q,q′)
[bˆ†(−q)Xˆ†1s(q+ q′)Xˆµ(q′) + h.c.],
(1)
where low-lying excitons from the blue series at momen-
tum q′, described by the operator by Xˆµ(q′), decay into
a pair of a 1s-exciton at momentum q + q′, described by
Xˆ1s(q + q
′), and a phonon that carries the excess momen-
tum and is described by the bosonic operator bˆ(−q). The
rate of this process is determined by the coupling constant
hµ(q,q
′). While the kinetic energy of the 1s-exciton of mass
m and rest energy E0 leads to a momentum-dependent de-
tuning ~δ0(q) = E0 + ~2q2/(2m) − ~ωp, the phonon dis-
persion, ~ωΓ−3 , can be taken as constant across the relevant
phonon momenta. The blue exciton states are far off-resonant
(|δµ| ≈ 0.4 eV) and therefore only weakly populated. One
can, thus, apply adiabatic elimination of their fast dynamics
to describe the overall scattering process in terms of the com-
posite bosons Xˆ(q,q′) = bˆ(−q)Xˆ1s(q + q′) (see App. A),
with a complex linewidth γ(q,q′) = Γ+ i(δ0(q+q′)+ωΓ−3 )
and effective optical coupling elements
g(q,q′) =
∑
µ
gµ/δµ · hµ(q,q′). (2)
It is this optical coupling to the associated continuum of
states that leads to the broad absorption background described
above.
As we will show below, however, EIT can be used to con-
trol the phonon coupling through the formation of an exci-
tonic dark state. Establishing EIT requires a third state that
is relatively stable and can be excited via a two-photon pro-
cess (Fig. 2). A natural choice is a Rydberg s-state, which
we describe by the operator Xˆs. Hereby, another laser field
with a frequency ωc couples the generated p-state excitons
to the long-lived Rydberg s-state with Rabi frequency Ωs
and frequency detuning ~δs = Es − ~ωp − ~ωc. The re-
sulting three-level system features a dark state of the form
∼ −gp/ΩsXˆ†s |0〉.
In addition, however, the control field laser also couples to
the continuum states since Xˆp and Xˆ share the same parity.
The associated Rabi frequency can be obtained by adiabati-
cally eliminating the dynamics of the blue intermediate states
as before yielding Ω(q,q′) =
∑
µ Ωµ/δµ · hµ(q,q′). Like
the isolated Rydberg states, the background alone can also es-
tablish an EIT dark state that carries no contribution from the
intermediate states and is of the form ∼ −DgΩ/DΩ2Xˆ†s |0〉
with
DΩ2 =
∫
d3q
Ω2(q,q′)
γ(q,q′)
, DgΩ =
∫
d3q
g(q,q′)Ω(q,q′)
γ(q,q′)
.
(3)
Taken separately, the two excitation pathways, shown in
Fig. 2, therefore promote the formation of simple dark states
with vanishing absorption on two-photon resonance. Their
simultaneous presence, however, leads to a competition be-
tween each pathway that can be described by the following
set of Heisenberg equations for the exciton operators
˙ˆ
Xp(q) =− γpXˆp(q)− igpE(q)− iΩsXˆs(q) (4)
˙ˆ
Xs(q) =− γsXˆs(q)− iΩsXˆp(q)
+ i
∫
d3q′Ω(q′,q)Xˆ(q′,q) (5)
˙ˆ
X(q,q′) =− γ(q,q′)Xˆ(q,q′) + ig(q,q′)E(q′)
+ iΩ(q,q′)Xˆs(q′), (6)
where we have defined γp/s = Γp/s+iδp/s, and E denotes the
amplitude of the probe-light field. Note that a generalization
to multiple exciton states is straightforward [see Fig. 1(b)],
and only leads to small interference effects for overlapping
resonances [55].
These equations are readily solved for the steady-state ex-
pectation values, which yield the susceptibility
χ(1)(q)E(q) = − gp
cn
〈Xˆp(q)〉+
∫
d3 q′
g(q′,q)
cn
〈Xˆ(q′,q)〉
(7)
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FIG. 3. Probe field absorption spectra around the 2p-exciton at an
energy Ep. In panel (a) the control field is tuned to resonance with
the Rydberg-state transition, i.e. δp = δs. The parameters of the
probe-field transitions are taken from [45], and the Rydberg decay
is neglected, Γs = 0. The different colored curves show typical ab-
sorption profiles for different indicated values of β = gpΩ/(gΩs),
whereby the larger of the two Rabi frequencies Ω and Ωs is chosen
to be 0.50 meV. For comparison, the black line shows the absorption
spectrum in the absence of EIT, i.e. for Ωs = Ω = 0. The thin hor-
izontal lines indicate the resonant probe absorption stemming only
from the 2p-exciton (αres) and only from the background (αbg). Panel
(b) shows the same quantities for identical parameters, but with the
control field tuned to two-photon resonance, δs = 0.
where n ≈ 2.74 is the dielectric constant of Cu2O. The first
term on the right hand side describes the coherence of the
discrete p-state exciton, while the second term captures the
contribution of the phonon-induced absorption background.
The inverse absorption length in the crystal is then given by
α = Im(χ(1)). Explicitly, we find from Eqs. (4)-(7) (see
App. B)
iχ(1) =
gp
cn
ΩsDgΩ − gp(γs +DΩ2)
γp(γs +DΩ2) + Ω2s
− Dg2
cn
+
DgΩ
cn
DgΩγp + gpΩs
γp(γs +DΩ2) + Ω2s
, (8)
with the additional parameter
Dg2 =
∫
d3q′
g2(q′,q)
γ(q′,q′)
. (9)
Without the coupling laser, the absorption is simply given
by the sum of the yellow exciton and the background,
icnχ(1) = −g2p/γp − Dg2 [45]. The observed characteris-
tic square-root behavior of the latter [56] is recovered if we
assume metastable continuum states (Γ = 0, see App. C) and
use a constant interaction coefficient over the range of relevant
momenta, hµ(q,q′) = const. In this case, the two optical cou-
pling elements are constant, g(q,q′) = g and Ω(q,q′) = Ω.
Denoting the maximal kinetic energy of the 1s exciton as E¯,
Eq. (9) can be integrated straightforwardly across the entire
Brillouin zone yielding
Dg2 =
8pi2g2m
3
2√
2~2
(√
~ωp − E0 − ~ωΓ−3 − i
2
pi
√
E¯
)
(10)
for probe laser energies ~ωp ≥ E0 + ~ωΓ−3 . This simple
expression indeed describes the experimentally observed ωp-
dependence to a high accuracy [56], justifying the simplifica-
tion of the exciton phonon coupling, hµ(q,q′) = const. This
also simplifies the parameters DΩ2 = Ω
2
g2Dg2 and DgΩ =
Ω
gDg2 and permits reducing the total susceptibility to
iχ(1) =−
γs(g
2
p +Dg2γp) + (gpΩ− gΩs)2
(
Dg2
g2
)
γp(γs +
Ω2
g2Dg2) + Ω
2
s
. (11)
Since the Rydberg-state linewidth Γs is typically small, the
resonant absorption is largely determined by the second term
in the numerator, which is controlled by the ratio β =
gpΩ/(gΩs).
Figure 3(a) shows the absorption profile for different val-
ues of this parameter. If β = 1, the yellow p-states and
the phononic background feature identical dark states. Under
such conditions of congruent EIT, the two excitation pathways
do not perturb each other, such that one can suppress absorp-
tion on two-photon resonance. For different values β 6= 1,
the competition between the pathways leads to a finite EIT
dip. In the limit of β  1, excitation via the yellow series
is dominant and therefore experiences EIT, allowing the res-
onant absorption to drop to the background value αbg. In the
opposite limit of β  1, this background absorption can be
suppressed via EIT and the residual absorption is that of the
p-resonance, αres.
If the control laser is tuned to two-photon resonance, the
quantum state stays in the approximate dark state when scan-
ning the p-resonance [Fig. 3(b)]. Under conditions of congru-
ent EIT, the system then becomes transparent for all probe de-
tunings. Dominant EIT on the p-state excitons (β  1) leads
to an isolated phonon background that extends across the en-
tire yellow series. On the other hand, if the phononic back-
ground experiences EIT (β  1), it is entirely suppressed and
one can realize a series of sharp isolated p-state resonances,
as indicated by the blue line in Fig. 3(b).
It is interesting to note that the presence of the cou-
pling laser can even increase the probe field absorption [see
Fig. 3(a)]. This effect occurs on the blue-detuned side of the
resonance and is due to interference of the excitation path-
ways, where the phonon continuum yields an additional ef-
fective decay of the s-state.
4A key ingredient to leverage the power of Rydberg interac-
tions optically is a large interaction-induced absorption con-
trast, which would result in a large nonlinearity due to a block-
ade of multiple Rydberg excitations [57]. Hence, the absorp-
tion contrast, (α0 − α)/α, between single-photon driving,
α0 = αres + αbg, and two-photon excitation, α, provides a
suitable figure of merit for estimating the extent of blockade
effects on the optical response. As shown in Fig. 4, the con-
trast is maximal for Γs = 0 and around β = 1. Since the
non-dissipative dark state established under EIT conditions
is perturbed by decoherence and decay of the Rydberg state,
the contrast tends to decrease as the decay rate Γs increases.
While precise values for Γs remain to be determined experi-
mentally, one can expect comparable coherence properties as
for p-state Rydberg excitons, suggesting that Γs is in the µeV
range for the highest principal quantum numbers [22]. This
suggests that considerable blockade-induced absorption con-
trasts of (α0 − α)/α ≈ 3 are feasible.
While resonant p-state coupling maximizes the achievable
contrast for optimal values of β, it also implies a strong β-
dependence that originates from the interference between the
two different excitation pathways, as discussed above. An
interesting alternative approach is, therefore, to deliberately
operate far off any p-state resonance and establish conditions
of EIT only via the background. Consequently, this offers a
robust way to established dark exciton states in the material.
As demonstrated in Fig. 1(c), the realization of such phonon-
mediated EIT conditions indeed yields a spectrum of sharp
transmission resonances, where the absorption drops to very
small values whenever one hits a two-photon resonance with
an excited Rydberg s-state. EIT in this case is indeed enabled
predominantly by the continuum of phonon-dressed exciton
states, since the probe laser is tuned right between the 2p and
3p resonances to render p-state excitation inefficient. As a re-
sult, the absorption drops to almost zero at each transmission
resonance, limited only by the Rydberg state linewidth, as-
sumed Γs = 5 neV for the 1s-para exciton and 0.8/n3 meV
for the Rydberg states with n > 1.
As illustrated in Fig. 4, this phonon-mediated EIT also ren-
ders the absorption contrast much more insensitive to varia-
tions of β, since the Rydberg blockade can now switch solely
between background-mediated EIT transmission and strong
absorption via phonon-assisted exciton coupling. Thereby
achievable absolute values of the absorption contrast are
around α0 − α ∼ 30 mm−1. For a typical blockade radius
of about 5 µm [22], this corresponds to optical depths per
blockade volume [58] of ODb ≈ 0.3. These values are com-
parable to those obtained in magneto-optical traps for atomic
gases [57] and would therefore already provide a platform
for observing highly nonlinear light propagation with low-
intensity coherent fields [41, 57, 59].
In conclusion, we have presented a microscopic descrip-
tion for electromagnetically induced transparency with exci-
tons in a semiconductor. Focusing on the yellow exciton series
in Cu2O and its associated phonon-assisted background, we
have shown that optical coupling to a long-lived s-state can be
used to control the effects of such phonon-induced processes
via the formation of an EIT dark state. The resulting EIT ab-
Γs=0.0 μeVΓs=0.1 μeVΓs=1.0 μeVΓs=10. μeV
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FIG. 4. Absorption contrast as a function of β for different indi-
cated values of Γs on 2p-exciton resonance and two-photon reso-
nance (δp = δs = 0). β is varied by changing Ω while Ωs =
50 µeV is held constant, and the remaining parameters coincide with
those of Fig. 3. The dashed line shows the absorption contrast for
Γs = 0.1 µeV and probe laser tuned away from the 2p resonance at
δp = 20 meV. β is varied by changing Ωs with Ω = 50 µeV.
sorption offers a wide range of exciting spectroscopic possi-
bilities to suppress and separate the excitonic and phononic
contributions, and thereby opens up new experimental capa-
bilities to deepen our understanding of the optical properties
of semiconductors. We have identified a single parameter, β,
that controls this behavior and can therefore be determined
in future measurements. Various implementations, based on
different choices for the final s-state, are possible. For ex-
ample, by coupling to the 1s-para exciton of the yellow se-
ries in Cu2O, one could benefit from the extraordinarily small
linewidth Γs ∼ 5 neV of this state [60]. The narrow EIT reso-
nances possible in such a scenario may be exploited to realize
enhanced Kerr nonlinearities [61] to generate interactions be-
tween dark-state polaritons. Strong exciton interactions could
be used directly by exciting high-lying Rydberg s-states based
on the ladder scheme illustrated in Fig. 1. Here, the lower
transition still optimizes the light-matter coupling and the up-
per transition can be driven with THz-radiation [62]. While
we have focused here on Cu2O semiconductors, the devel-
oped theory applies to a range of other materials, such as ZnO
[63], where different phonon channels and energy scales may
consequently yield different control capabilities of the exciton
coupling and phonon-assisted absorption. Finally, the pos-
sible integration into optical cavities presents another excit-
ing outlook. Already a moderate cavity enhancement of the
probe-field coupling by a factor of ∼ 10 would make optical
depths of ODb & 1 possible and may, thereby, permit gen-
erating and manipulating correlated quantum states of light
[64].
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7Appendix A: Dressed State description
In this section, we derive the excitonic equations of motion as given in Eqs. (4-6) of the main text. The diagonal part of the
Hamiltonian in the rotating frame is given by
Hˆ0 = ~
∫
d3q
(
δp(q)Xˆ
†
p(q)Xˆp(q) + δs(q)Xˆ
†
s (q)Xˆs(q)
)
+
∑
µ
~
∫
d3q δµ(q)Xˆ
†
µ(q)Xˆµ(q)
+ ~
∫
d3q
(
δ0(q)Xˆ
†
1s(q)Xˆ1s(q) + ω(q)bˆ
†(q)bˆ(q)
)
,
(A1)
where the detunings of the yellow p-exciton, ~δp(q) = εp(q) − ~ωp, and the blue s-exciton, ~δµ(q) = εµ(q) − ~ωp, are
given in terms of the respective exciton energies Ep and Eµ, and the frequency ωp of the probe laser. The energies εp =
Ep + ~2q2/(2m) and εµ = Eµ + ~2q2/(2m) are composed of the respective excitation energy of the exciton state and the
kinetic energy ~2q2/(2m) of the excitons. Similarly, the two-photon detuning of the yellow Rydberg s-exciton, ~δs(q) =
εs(q)− ~ωp − ~ωc, is determined by the exciton energy εs = Es + ~2q2/(2m) and the combined frequency of the probe (ωp)
and control (ωc) laser beam.
The operators Xˆp(q), Xˆs(q) and Xˆµ(q) are bosonic annihilation operators of the yellow p-exciton, the yellow Rydberg
s-exciton and blue s-excitons, respectively. Finally, the operator Xˆ†1s(q) creates the long-lived yellow 1s-ortho exciton that
together with the Γ−3 phonon branch, described by annihilation operators bˆ(q), is responsible for the background absorption.
Their respective energies are given by ε0 = E0 + ~2q2/(2m), giving rise to ~δ0(q) = ε0 − ~ωp, and ω(q) = ωΓ−3 = const.,
which does not depend on the momentum of the optical phonons. The exciton-phonon coupling that leads to the generation of
the broad absorption background can be well described by a Fröhlich interaction term
HˆF =
∑
µ
∫
d3q d3q′ hµ(q,q′)[bˆ†(−q)Xˆ†1s(q+ q′)Xˆµ(q′) + h.c.]. (A2)
To shorten notation, we define a composite Boson operator of the combined state of a yellow 1s-exciton and a phonon
Xˆ(q,p) = bˆ(−q)Xˆ1s(q+ p). (A3)
The light-matter coupling is described by the Hamiltonian
HˆL = ~gp
∫
d3q E(q)
(
Xˆp(q) + Xˆ
†
p(q)
)
+
∑
µ
~gµ
∫
d3q E(q)
(
Xˆµ(q) + Xˆ
†
µ(q)
)
+ ~Ωs
∫
d3q
(
Xˆ†p(q)Xˆs(q) + h.c.
)
+ ~Ωµ
∫
d3q
(
Xˆ†µ(q)Xˆs(q) + h.c.
)
,
(A4)
where the constants gp and gµ denote the coupling of the yellow p-exciton (gp) and blue s-exciton (gµ) to a probe laser field with
amplitude E(q). The last two lines describe the Rydberg-exciton excitation from these intermediate-state excitons by the control
laser with respective Rabi frequencies Ωs and Ωµ. The finite exciton lifetime and other line broadening effects are included in
the description by homogeneous linewidths Γp, Γs, Γµ, and Γ for the yellow p-exciton, the yellow s-exciton, the blue s-excitons,
and the phonon-dressed 1s-exciton, respectively. The corresponding Heisenberg equations of motion for the field operators can
then be written as
˙ˆ
Xp(q) =− γpXˆp(q)− igpE(q)− iΩsXˆs(q) (A5)
˙ˆ
Xµ(q) =− γµXˆµ(q)− igµE(q)− iΩµXˆs(q)− i
∫
d3q′ hµ(q′,q)Xˆ(q′,q) (A6)
˙ˆ
Xs(q) =− γsXˆs(q)− iΩsXˆp(q)− i
∑
µ
ΩµXˆµ(q) (A7)
˙ˆ
X(q,q′) =− γ(q,q′)Xˆ(q,q′)− i
∑
µ
hµ(q,q
′)Xˆµ(q′) (A8)
Here, we have introduced the complex widths γp = Γp + iδp(q), γµ = Γµ + iδµ(q), γs = Γs + iδs(q) and γ = Γ + iδ(q,q′).
The detuning of the composite boson operator is δ(q,q′) = δ0(q+q′) +ωΓ−3 . With an approximate value of |δµ| ≈ 0.4 eV, the
detuning of the blue excitons is much larger than any other relevant energy scale and, therefore, permits an adiabatic elimination
of their dynamics, which yields from Eq. (A6)
Xˆµ(q) =− i gµ
γµ
E(q)− iΩµ
γµ
Xˆs(q)− i
∫
d3q′
hµ(q
′,q)
γµ
Xˆ(q′,q). (A9)
8Substituting this result into the remaining equations of motion yields the following coupled dynamics
˙ˆ
Xs(q) =− γsXˆs(q)− iΩsXˆp(q) + igbE(q) + iΩbXˆs(q) + i
∫
d3q′Ω(q′,q)Xˆ(q′,q) (A10)
˙ˆ
X(q,q′) =− γ(q,q′)Xˆ(q,q′) + ig(q,q′)E(q′) + iΩ(q,q′)Xˆs(q′) + i
∫
d3q′′C(q,q′,q′′)Xˆ(q′′,q′) (A11)
with the effective coupling strengths
gb =
∑
µ
gµΩµ
δµ
, Ωb =
∑
µ
Ω2µ
δµ
, (A12)
g(q,q′) =
∑
µ
gµ
hµ(q,q
′)
δµ
, (A13)
Ω(q,q′) =
∑
µ
Ωµ
hµ(q,q
′)
δµ
(A14)
C(q,q′,q′′) =
∑
µ
hµ(q,q
′)hµ(q′′,q′)
δµ
. (A15)
to leading order in Γµ/|δµ|  1.
Let us now discuss the relative contributions from the various excitation processes and interactions. While the optical coupling
strengths gµ and Ωµ can be on the same order as gp and Ωp, the detuning |δµ| is much larger than gµ and Ωµ. This implies that
the gb is typically much smaller than gp, such that we can neglect its direct contribution to the probe-light absorption and discard
the corresponding coupling term in Eq. (A10). Likewise, Ωb is typically very small and therefore only causes an insignificant
shift of the Rydberg exciton line [cf. Eq. (A10)] and can safely be neglected compared to its width Γs. The last term in
Eq. (A11) describes a change of phonon momenta via virtual exciton-phonon interactions. This second-order process is strongly
suppressed by the large energy offset δµ and, therefore, can also be neglected. Note, however, that these terms are discarded
merely to simplify the resulting expressions and can otherwise be straightforwardly included in the calculations. With these
additional simplifications, we obtain Eqs. (4-6)
˙ˆ
Xp(q) =− γpXˆp(q)− igpE(q)− iΩsXˆs(q) (A16)
˙ˆ
Xs(q) =− γsXˆs(q)− iΩsXˆp(q) + i
∫
d3q′Ω(q′,q)Xˆ(q′,q) (A17)
˙ˆ
X(q,q′) =− γ(q,q′)Xˆ(q,q′) + ig(q,q′)E(q′) + iΩ(q,q′)Xˆs(q′) (A18)
given in the main text.
Appendix B: Calculating the optical response
The propagation of the probe field amplitude through the sample is determined by
∂tE(q) + c
n
∂zE(q) = −i gp
n2
〈Xˆp(q)〉 − i
∑
µ
gµ
n2
〈Xˆµ(q)〉 (B1)
where n = 2.74 denotes the dielectric constant of Cu2O. The susceptibility is thus obtained from
iχ(1)(q)E(q) = −i gp
cn
〈Xˆp(q)〉 − i
∑
µ
gµ
cn
〈Xˆµ(q)〉 (B2)
and its imaginary part determines the inverse absorption length α = =(χ(1)). Substituting Eq. (A9) and again neglecting terms
proportional to Ωµ/γµ and gµ/γµ, this can be written as
iχ(1)(q)E(q) =− i gp
cn
〈Xˆp(q)〉+ i
∫
d3q′
g(q′,q)
cn
〈Xˆ(q′,q)〉 (B3)
9in terms of the phonon-dressed 1s-exciton amplitude. Its steady-state value
〈Xˆ(q,q′)〉 = i g(q,q
′)
γ(q,q′)
E(q′) + iΩ(q,q
′)
γ(q,q′)
〈Xˆs(q′)〉. (B4)
is obtained by taking expectation values over the equations of motion Eqs. (A16-A18) and solving for the steady state of
Eq. (A18). Using this result in Eq. (5) yields for the steady-state amplitude of the Rydberg exciton
〈Xˆs(q)〉 = −i Ωs
γs +DΩ2
〈Xˆp(q)〉 − DgΩ
γs +DΩ2
E(q) (B5)
where
DgΩ =
∫
d3q′
Ω(q′,q)g(q′,q)
γ(q′,q)
, (B6)
DΩ2 =
∫
d3q′
Ω(q′,q)2
γ(q′,q)
, (B7)
Dg2 =
∫
d3q′
g(q′,q)2
γ(q′,q)
. (B8)
We substitute Eq. (B5) into Eq. (A16) and Eq. (B4) to obtain
〈Xˆp(q)〉 = iΩsDgΩ − gp(γs +DΩ2)
γp(γs +DΩ2) + Ω2s
E(q) (B9)
〈Xˆ(q′,q)〉 = i
(
g(q′,q)
γ(q′,q)
− Ω(q
′,q)
γ(q′,q)
DgΩ
γs +DΩ2
)
E(q) + Ω(q
′,q)
γ(q′,q)
Ωs
γs +DΩ2
〈Xˆp(q)〉 (B10)
which finally gives
iχ(1)(q) =
gp
cn
ΩsDgΩ − gp(γs +DΩ2)
γp(γs +DΩ2) + Ω2s
− Dg2
cn
+
DgΩ
cn
DgΩγp + gpΩs
γp(γs +DΩ2) + Ω2s
(B11)
as given in Eq. (8) of the main text.
Appendix C: Integral for background termDg2
Here, we derive the solution for the integral Eq. (B8) given in Eq. (10) from the main text. Due to the flat interaction coefficient,
we have g(q′,q) = g and only the detuning remains momentum-dependent, yielding
Dg2 = g
2
∫
d3q
1
Γ + iδ(q)
. (C1)
Herein q is the phonon momentum, as the photon momentum is fixed by the probe laser and thus a constant. As the phonon-
assisted 1s-excitons are metastable, the sum should be evaluated with the Dirac identity (Sokhotski-Plemelj theorem along real
line integration)
lim
Γ→0
1
Γ + iδ(q)
= piδDirac[δ(q)]− iP 1
δ(q)
, (C2)
with P denoting the Cauchy principal value. The integral can also be solved for the more general case of Γ > 0. For spherical
symmetry the integral over the phonon momenta q simplifies as
∫
d3q = 4pi
Q∫
0
dq q2, (C3)
wherein Q is the limitation of the possible phonon momenta within the crystal. For later calculations, this boundary is set at
the 1st Brillouin zone Q = pi/a with the lattice constant a. Converting to an integral of energies  and setting E¯ = ~
2Q2
2m , the
10
integral (without the prefactors) can be written as
E¯∫
0
d
√

~Γ + i(− ~∆0) =− 2i
√
E¯
[
1 +
i
z
arctan(iz)
]
(C4)
z =
√
E¯
i~Γ + ~∆0
, ∆0 = ωp − E0/~− ωΓ−3 . (C5)
This gives a total structure of the term Dg2
Dg2 =− g24
√
2pi
m3/2
~2
{
2i
√
E¯
[
1 +
i
z
arctan(iz)
]}
. (C6)
For large integration limits and for sufficiently low Γ the real part of Dg2 becomes indeed a Heaviside function with the jump at
E¯ = ~∆0, see Fig. 5. To get back to the case of the Dirac identity, we let Γ→ 0 to obtain
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FIG. 5. (Color online). Normalized integral of Eq. (C4) for 2Γ = ∆0, 10−1∆0, 10−2∆0 (black, red, blue). Left: real part, right: imaginary
part.
lim
Γ→0
Dg2 =− g24
√
2pi
m3/2
~2
2i√E¯
1 + i√~∆0
E¯
arctan
i
√
E¯
~∆0
 . (C7)
As only E¯ > ~∆0 is relevant for our purpose, we can use the general relation
arctan(ix) =
pi
2
Θ(x− 1) + i1
2
ln
∣∣∣∣1 + x1− x
∣∣∣∣ , (C8)
which holds for positive x and thus reobtain the real part from Eq. (10) in the main text as
<{Dg2} = 8pi2g2 m
3
2√
2~2
√
~∆0. (C9)
This result is identical to the direct solution with the Dirac identity. For the imaginary part we obtain
={Dg2} =− 8pig2 m
3
2√
2~2
{
2
√
E¯
[
1−
√
~∆0
4E¯
ln
∣∣∣∣∣
√
E¯ +
√
~∆0√
E¯ −√~∆0
∣∣∣∣∣
]}
. (C10)
In case E¯  ~∆0, the last term in square brackets will become negligible, yielding a constant imaginary part of
={Dg2} = −16pig2 m
3
2√
2~2
√
E¯, (C11)
which is exactly the imaginary part of Eq. (10) in the main text.
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Appendix D: Mathematical description of special cases of the absorption
In this section we analyze the solution of the susceptibility in the different limiting cases depicted in Figs. 3-4 in the main text.
For the sake of brevity, we introduce an equivalent notation to Eq. (B6-B8) for the couplings on the exciton path,
PΩ2 =
Ω2s
γp
, PgΩ =
gpΩs
γp
, Pg2 =
g2p
γp
. (D1)
Note that the fixed ratios of these coefficients (PgΩ =
√
Pg2PΩ2 etc.) are already given. Then, the susceptibility becomes
iχ(1) =− γs(Pg2 +Dg2) +Dg2PΩ2 + Pg2DΩ2 − 2DgΩPgΩ
cn(γs +DΩ2 + PΩ2)
. (D2)
Symmetry for exchanging the exciton and background path (PXY ↔ DXY ) is obvious in this form. Yet, due to the rather
different behavior of the D’s and P ’s under tuning of the probe laser, asymmetric absorption spectra emerge as seen in Fig. 3 of
the main text. Furthermore, using the relations DgΩ =
√
Dg2DΩ2 etc. of the main text, we can simplify the result to
iχ(1) =− γs(Pg2 +Dg2) + (
√
Dg2PΩ2 −
√
Pg2DΩ2)
2
cn(γs +DΩ2 + PΩ2)
. (D3)
Using the quantity β2 = (Pg2DΩ2/(Dg2PΩ2), we can write this as
icnχ(1) =−
γ¯s
(
Pg2
Dg2
+ 1
)
+ (1− β)2
1
Dg2
(γ¯s + 1) +
β2
Pg2
, (D4)
where γ¯s = γs/PΩ2 compares the Rydberg linewidth to the EIT-linewidth as a figure of merit. Hence, we can determine the full
response only from the absorption in single-photon experiments, an effective Rydberg linewidth and the parameter β relating the
coupling Rabi strengths of the two paths. Congruent EIT is naturally given for β → 1 and γ¯s → 0.
The inverse absorption length is given by α = =[χ(1)]. Let us consider the three regimes β → 0, β ≈ 1, β →∞ for arbitrary
γ¯s. For β → 0, that is, dominant exciton path, we find
icnχ(1) = −Dg2 − γ¯s
γ¯s + 1
Pg2 . (D5)
As shown by the red lines in Fig. 3 of the main text, the absorption reduces to the background without Rydberg-decay. For large
decay |γ¯s|  1, we find little to no EIT effect, as the Rydberg line decays much faster than the EIT repopulation process, as
visualized by the green line in Fig. 4 of the main text.
For congruent EIT β = 1, the response reduces to
icnχ(1) =− γ¯s
(
Pg2 +Dg2
)
γ¯s +
1
Pg2
(
Pg2 +Dg2
) . (D6)
For γ¯s → 0 we indeed find vanishing absorption (green lines in Fig. 3 of the main text) and for |γ¯s| → ∞, the EIT effect
disappears. For small, but not negligible Rydberg decay, congruent EIT conditions yield
icnχ(1) =− γ¯sPg2 = −γs
g2p
Ω2s
= −γsΩ
2
g2
. (D7)
For increasing γ¯s the maximum of contrast shifts and one can directly show that the corresponding minimal absorption is given
at βex = 1 + γ¯s, where the susceptibility becomes
icnχ(1) = − γ¯s
1 + γ¯s
Pg2 . (D8)
This shift is clearly visible in Fig. 4 of the main text.
Finally, for a dominant background path β →∞, we find
icnχ(1) =− Pg2
(
1− 2
β
)
. (D9)
As shown by the blue lines in Fig. 3 of the main text, now the background is suppressed and only the exciton line is visible in
absorption. Note that, even to first-order corrections of β, there is no dependence on the Rydberg-linewidth, and only a root
dependence on the EIT linewidth, which is given by PΩ2 . Hence, as can be seen in Fig. 4 of the main text, all lines show the
same large-β limit, independent of Γs.
